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8.1 Introduction 

Organic solar cell (OSC) devices have recently exceeded power conversion efficiencies (PCEs) 

of over 17 % in single-junction cells [1-5] and a tandem device using nonfullerene acceptors 

(NFA) [6]. The device performances are still below the predicted efficiency limit of 20% and 

25% for single-junction and tandem cells, respectively [7]. Improving the OSC device 

performance further required a detailed understanding of the underlying physical mechanisms 

and processes that make the device work, as well as those that lead to performance losses so 

that materials and device architectures can be further improved. Modeling can fulfill several 
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tasks which range from theoretical discussions of physical mechanisms to the assistance in the 

interpretation of experiments. Unfolding the physics of these devices to create predictive 

physical models has been a challenging task due to the complexity of the employed materials 

and the device physics mechanisms. 

The scope of theoretical studies is broad, including ab-initio studies,[8] Kinetic Monte-

Carlo (KMC),[9] and drift-diffusion models.[10] The techniques vary in the complexity of OSC 

description; therefore, the first task in the modeling is to determine how much detail is needed 

to capture the physical phenomena of particular process of interest. Microscopic modeling such 

as ab-initio and KMC calculations are typically expensive computationally speaking. As an 

alternative, a macroscopic technique such as drift-diffusion simulations that employ analytical 

effective-medium-approximation can capture the overall physical mechanisms at the device 

level. Drift-diffusion models can simulate a wide variety of OSC-device physics experiments, 

such as current-density–voltage (J-V) characteristics, photogenerated charge-extraction-by-

linearly-increasing-voltage (photo-CELIV), transient photo-current (TPC), and time-delayed 

collection field (TDCF) measurements.[11-18]  

In this chapter, after a discussion of the fundamental physical mechanisms in the OSC 

device operation, we discuss a brief description of drift-diffusion simulations and its 

implementation. We then highlight examples where drift-diffusion methods have been used to 

understand and optimize OSCs. In the end, we provide a summary and outlook on the device 

simulation with recommendations for directions of future research. 
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Fig 8.1. Device physics in BHJ OSC covering photocurrent generation (blue arrow): (1) photoexciton 

generation in the donor or acceptor followed by exciton diffusion; (2) ultrafast charge transfer (CT) at 

the interface; (3) charge separation followed by charge transport and extraction at the electrodes. 

Possible photocurrent loss (red arrow) also shown: (1*) exciton recombination; (2*) geminate 

recombination of CT states; (3*) nongeminate recombination of free charges (between opposite charges 

generated from different excitations). 

 

8.2 Fundamental processes in OSCs 

In brief, the physical processes occurring in bulk-heterojunction (BHJ) solar cells is now 

commonly believed to involve (Fig  8.1):[19] (1) photoexcitation of the BHJ creates tightly 

bound Frenkel-type singlet excitons followed by transport of the excitons to donor-acceptor 

(DA) interface;[20] (2) the excitons dissociate at the DA interface, which in highly mixed 

blends leads to ultrafast femtoseconds (fs) exciton quenching while in the case of large-scale 

DA demixing, diffusion of excitons takes place on the timescale of several picoseconds (ps); 

(3) exciton quenching by interfacial charge transfer eventually leads to the formation of 

interfacial charge-transfer (CT) states and spatially-separated (free) charge carriers.[21] After 
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charge separation, the electron and hole are transported through the respective materials and 

collected by the electrodes, resulting in a photocurrent in the external circuit. The CT states 

generated upon charge transfer at the interface may not dissociate entirely into free charges if 

the charges cannot overcome their mutual Coulomb attraction. These CT-states recombine 

geminately, typically on the timescale of hundreds of picoseconds to several nanoseconds. 

Additionally, the free charge carrier extraction often competes with nongeminate 

recombination, potentially leading to low fill factors (FFs). Both geminate and nongeminate 

recombination contribute as loss channels, reducing the quantum efficiency of the solar cell. 

8.3 Exciton transport 

Due to the low dielectric constant of organic semiconductors, excitons have a relatively large 

binding energy and relatively localized. To overcome the exciton-binding energy and efficiently 

generate free charge carriers, efficient OSCs use a blend of DA that phase-separate to form a 

BHJ structure.[22] The utilized DA creates an energetic driving force for exciton dissociation 

into a CT state at the DA interface. Photogenerated excitons must reach a DA interface before 

returning to the ground state to generate charges. The DA heterojunctions for separating bound 

excitons into free charge pairs require distribution on a comparable length scale to the exciton 

diffusion length, which limits the maximum domain size of the BHJ structure. If DA domains 

are too large (in comparison to exciton diffusion length), too many excitons generated in the 

interior of the domains cannot reach an interface for dissociation. If domains are too small, the 

charge transport and collection are compromised. The diffusion length scale of singlet exciton 

is typically 5-10 nm for the majority of amorphous materials,[23] which introduces a trade-off 

between exciton harvesting and subsequent charge collection efficiencies in BHJ OSC. 

An exciton can move between molecules via a non-radiative process of energy transfer, 

which might occur via Förster or Dexter mechanisms.[24-26] The Förster transfer can occur 

through space (long-range) via dipole-dipole electromagnetic interaction and requires a 



     

5 

 

significant overlap of emission and absorption spectra of the molecules.[23] Dexter mechanism, 

which often used to describe triplets excitons, occurs via an actual exchange of electrons 

between “donor” molecule and “acceptor” molecule with distance only about 1 nm apart.[23] 

Since Förster energy transfer is much more critical in singlet exciton diffusion, Förster 

resonance energy transfer (FRET) theory often utilized to describe the diffusion.[27] The 

conventional FRET theory, where point dipoles can approximate the molecules, has been 

successfully applied to predict the diffusion length of small molecules.[28, 29] On the other 

hand, in conjugated polymer films, diffusion dynamics are more complicated and significantly 

depends on energetic, spatial, and orientation disorders.[30] 

The inherent disorder present in conjugated polymers largely determines physical processes 

related to exciton diffusion. Mikhnenko et al.[31] reported an interesting study of exciton 

diffusion in conjugated polymers. The exciton dynamics reveal two temperature regimes: At 

low temperature (e.g., <150 K), the exciton diffusion length (coefficient) is nearly temperature 

independent while increasing the temperature up to 293 K leads to a gradual growth up. They 

argue that two processes govern the exciton diffusion in conjugated polymers: an initial 

downhill migration toward lower energy states in a broad density of states, followed by 

temperature-activated hopping which switched off below 150 K. 

The diffusion length, LD is given by √𝑍𝐷𝜏, where D is the diffusion coefficient, τ is the 

exciton lifetime, and Z is equal to 1, 2, or 3 in the case of one-, two- or three-dimensional 

diffusion, respectively.[23] The lifetime of the singlet exciton in most conjugated polymer films 

and the small molecule is short, typically in the range of several hundred picoseconds, since the 

lifetime intrinsically link with the transition dipole moment (which varies little for strongly 

absorbing π-conjugated materials). The exciton lifetime also found to be suppressed via 

nonradiative relaxation in low bandgap materials.[32] Yosh et al.[33] performed a theoretical 

study of singlet and triplet diffusion by ab-initio means. They showed that it is difficult for 

singlets to increase the diffusion coefficient without decreasing the lifetime and hence creates 
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a fundamental upper bound on the diffusion length (e.g., 100 nm for tetracene). On the other 

hand, for triplets, the lifetime and diffusion coefficient can be varied independently; hence there 

are no corresponding limits. 

Menke et al.[34] showed that singlet exciton diffusion length in the subphtalocyanine 

derivative could increase by suppressing the non-radiative decay rate. In many cases, materials 

with a higher degree of order of crystallinity show higher singlet diffusion length. Lunt at al.[35] 

showed that exciton diffusion length in 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) 

is increased from 6 to 20 nm when the average diameter of crystalline domains enhanced from 

100 to 400 nm. The extent of crystalline order of PTCDA thin films was varied using a range 

of vapor phase growth condition. Chemical modifications,[36-38] or thermal annealing[39-42] 

could modify different degrees of crystallinity and diffusion length. In general, very long 

diffusion lengths have only been reported in conjugated polymer nanofiber (>200 nm),[43] 

small molecule J-aggregates (96 nm),[29] or organic single-crystals (> 1 μm).[44] 

8.4 Charge separation 

If a singlet exciton reached the DA interface, the charge transfer occurs only when considerable 

binding energy of the singlet exciton is overcome by electron transfer to an energetically 

favorable acceptor molecule.[45-47] At the DA interface, a fraction of electrons and holes 

escape their Coulomb attraction and split into free charges. The interfacial electron-hole pairs 

that have relaxed into CT states and could not overcome the Coulomb binding energy may 

recombine in a process commonly referred to as geminate recombination. Geminate 

recombination occurs when a hole and electron that originate from the same photon recombine 

before separating into free charges. Note that it’s also has been shown in the case NFA-based 

blends that energy transfer from the donor molecule to the acceptor molecule occur, which 

followed by hole transfer from the acceptor molecule the donor molecule.[12] 
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There have been debates on the intermediate states involved in the conversion of excitons 

into free charge carriers.[20, 48] There exist several viewpoints as to what happens after the 

charge transfer at the DA interface. The first viewpoint is that during the charge separation 

process, electron and hole are still correlated and coulombically bound (intermediate CT state). 

The bound state then needs to overcome the binding energy to create fully separated charge 

carriers. The energy required to overcome the Coulomb potential binding was first described 

by Onsager[49] and Braun[50]. Marsh et al.[51] in 2010 showed a direct measurement of 

electric field-assisted charge separation in polymer:fullerene solar cells using transient 

absorption (TA) spectroscopy. Similar outcome of field-dependent carrier dissociation has also 

been reported earlier by Veldman et al.[52] in 2008. In the second viewpoint, the charge-

separated states directly create fully separated and unbound charge carriers. Guo et al.,[53] 

Jamieson et al.,[54] and Howard et al.[55] show evidence for field-independent ultrafast charge 

separation obtained from the intensity or field-dependent TA spectroscopy measurements. 

Transient photoconductivity experiments from several groups have shown that free carrier 

generation is field independent in efficient BHJ blend devices and thin films.[18, 56]  Recent 

evident points to a newly developing viewpoint that primary excitations have two coexists paths 

(intermediate CT state and direct free charge generation) to free carriers. Etzold et al.[57] 

performed TA measurements in efficient BHJ blend systems‒P3HT:PCBM and 

PCDTBT:PCBM‒ from 100 fs to 1 ms (short and long delays). Using a time-dependent 

analytical model, they were able to quantify ground state (GS) population, bound CT state 

population, and spatially separated carrier population and decay processes (geminate and 

nongeminate decay). They infer that 89% (85%) of carriers in the PCDTBT:PCBM 

(P3HT:PCBM) blend film charge separate on the ultrafast time scale, and only 11% (15%) of 

carriers pass through CT states to recombine geminately. Their results conclude that CT states 

play a minimum role in charge dissociation for efficient BHJ OSCs.  
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Previous works have also suggested that there is a threshold in the energy offset of energy 

levels between donor and acceptor material to have the transition from singlet to CT state.[58, 

59] This driving force results in energy loss due to the difference in energy of the donor singlet 

excited state and the CT state, which for fullerene-based OPV is typically around 0.2-0.3 eV in 

the best cells.[60] While it was initially believed to be an intrinsic problem of OSC, recent 

development in NFAs has shown that ultrafast and efficient charge separation is possible even 

for zero electron-affinity (EA) or ionization energy (IE) offsets,[61-63] contrary to fullerene-

based systems. Moreover, the negligible driving forces are often used to explain low energy 

losses in high-performing NFA blends.[61, 64] Very recently, barrier-less dissociation has been 

demonstrated in the high-performance blend of the donor polymer PM6 with the NFA Y6.[65] 

This fact motivates a re-examine of the charge separation process and mechanism. Yao et 

al.[66] comparing the electrostatic potential (ESP) of polymer donor, IT-4F NFA, and C60. They 

found that the donor has a net negative ESP, while for the NFA, large parts of the surface have 

a positive ESP. This condition favors exciton dissociation and electron transfer from donor to 

acceptor. For comparison, fullerene acceptor C60, exhibits a homogeneous and more neutral 

ESP allowing only weak interaction for charge separation. On the contrary, a few recent studies 

recognize that IE offsets might be necessary for charge generation.[67-69] Therefore, a coherent 

study on this topic, and a uniform characterization of a large NFA series are still missing. 

 

8.5 Charge Transport 

Once electron-hole pairs form charge-separated states (free charges), the internal electric field 

in the device drives it towards the electrodes. Electron drift toward the cathode, and holes drift 

to the anode. In this process, charge transport in the organic semiconductor is fundamental to 

the operation of OSC devices. In OSCs, high and balanced charge transport reduces current 

losses from recombination.[70] The charge motion in disorder organic molecules occurs by 
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hopping between distinct localized states on different molecules. Efficient charge transport 

requires that the charges be able to “hop” between molecules and not be trapped or scattered. 

Therefore, many factors such as molecular packing, disorder, presence of impurities, 

temperature, electric field, charge-carrier density, and size/molecular weight influence charge 

transport.[71] For a more straightforward description specifically on applications, charge 

mobility has been used as a parameter to benchmark and compare different organic material. 

Charge carrier mobility in organic semiconductors predicted to be similar for electron and holes 

for most materials.[71] However, experimentally organic semiconductors often exhibit highly 

unipolar charge transport, which means that they are predominantly transporting one carrier. 

For example, hole transport is dominant in most solution-processed conjugated polymers, with 

orders of magnitude higher than electron transport. By systematically investigate polymers with 

different electron affinity, Nicolai et al.[72] found that electron trapping in bulk is the reason 

for the low electron mobilities in those polymers. The trap depth reduces with increasing EA, 

suggesting the presence of a general impurity acting as the electron trap, with an EA of around 

3.6 eV. For this reason, polymers with EAs higher than 3.6 eV can exhibit trap-free electron 

transport, a design rule for the realization of n-type conducting polymers. Kotadiya et al.[73] 

further generalize this concept of electron trapping for organic semiconductors by including 

transport measurements on vacuum-deposited small-molecules. They demonstrated that not 

only electron transport becomes trap-limited when the EA is below 3.6 eV, but also hole 

transport will be limited by trapping when the IE of the material exceeds 6 eV, implying the 

observation of trap free charge transport only within this energy window (Fig 8.2). 
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Fig 8.2. Energy window for trap-free charge transport. (a) The slope of the hole or electron current 

versus IE or EA of the organic semiconductor, respectively. The symbols are divided into groups 

representing either electron or hole transport in either small molecules or polymers. The dashed line 

marks a slope of two, characteristic of a trap-free space-charge-limited current. Trap-limited currents 

(m > 2) for electrons and holes are marked by the blue and red shaded areas, respectively. (b) The 

chemical structures of the investigated molecules. Reprinted with permission from Kotadiya et al., Nat. 

Mater., 2019, 18, 1182. Copyright  2019, Springer Nature.  

 

While many works focused on the charge transport in neat organic films, it is especially 

critical to know about the charge transport in the complex BHJ blend. Many SCLC 

measurements of materials used for OSCs showed that the BHJ blend film's mobilities are lower 

than in the neat film.[74-77] Measurement from photoconductive atomic-force-microscopy 

(a)

(b)
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(AFM) showed that the local photocurrent might not be uniform throughout the blend film.[78] 

Frost et al.[79] used a Monte Carlo calculation to study the effect of morphology on charge 

transport and found that morphology strongly influences charge-transport characteristics, such 

as percolation threshold, mobility, charge dispersion. Similarly, Groves et al.[80] showed that 

local changes in the blend morphology could lead to local changes in the mobility by more than 

an order of magnitude. Koster found that using a master-equation calculation, the dependence 

of mobility on charge carrier concentration is more pronounced in blends, and influenced by 

the electric field strength.[81] At low charge carrier densities, blend mobility is found to 

decrease with increasing field. Further calculation from Heiber et al.[82] using the KMC 

approach showed that the electric-field dependence of the charge-carrier mobility in a BHJ 

blend is profoundly affected by the tortuosity. 

8.6 Charge Recombination 

During charge transport to the electrodes, free electrons and holes can encounter and recombine. 

This recombination is known as nongeminate recombination since the recombining charge 

carriers originate from different photoexcitations. The rate of nongeminate recombination, R, 

depends on both carrier concentration n (or p) and the effective carrier lifetime τ (n). Based on 

this rate, the recombination originating from these nongeminate charge carriers can be divided 

into three different mechanisms: trap-assisted (monomolecular, RSRH ~ n), bimolecular (RL~np), 

and auger (trimolecular, RA~npn).[83] Although trap-assisted recombination involves two 

carriers, it is still considered monomolecular recombination because it involves one free carrier 

and one oppositely charged trapped carrier. The recombination rate is ultimately determined by 

the amount of sites that act as traps and by how quickly the free carrier can find the trapped 

carrier. Reducing the trap density in the BHJ layer with p-type dopant or n-type dopant such as 

2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) or benzyl-viologen (BV) 

has been demonstrated which reduce trap-assisted recombination and enable an increase in the 
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FF of OPVs.[2, 84] Next, bimolecular recombination is the most commonly observed in OSC 

devices which involve the recombination of a free electron with a free hole.[85] For most state-

of-the-art OSC, the nongeminate recombination with this mechanism is the dominant loss-

mechanism. The simplest description of bimolecular recombination is Langevin’s model.[10, 

86] In this model, the Coulomb attraction between electrons and holes results in recombination 

rate of 𝑅 =
𝑒

𝜀𝑟𝜀0
(𝜇𝑒+𝜇ℎ)𝑛𝑝. In Auger recombination, an electron in the LUMO recombines 

with a hole in the HOMO after which the energy is transferred to a third electron which is then 

excited to a higher energetic state.[83] Although there have been a few reports of a 

recombination mechanism with a third-order dependence on carrier density in P3HT:PCBM 

solar cells devices,[87-89] it is generally not believed to be due to Auger recombination. 

Requirement for Auger recombination is a high charge density and so far this mechanism only 

established in inorganic semiconductors.[83] 

Moreover, the carrier density dependence of the nongeminate recombination rate, or 

referred to as the order of recombination, often observed experimentally to be higher than that 

predicted by Langevin’s model, which is a power-law decay rate, R ~ nλ+1.[88] Shuttle et al.[88] 

suggested that a third-order dependence of recombination rate on charge density is likely related 

to a bimolecular recombination process in which the corresponding bimolecular recombination 

coefficient is carrier dependent (k(n))  rather than a trimolecular process. It has been shown also 

in pristine organic materials carrier transport at room temperature is mostly governed by carrier 

density.[90] Previous finding also shows that the carrier density is heavily influenced by carrier 

diffusion from the contacts.[91] Kirchartz and Nelson further suggested that spatial distribution 

of charge density is susceptible to active-layer thickness.[92] They further show that, for active 

layer thicknesses below 100 nm, the recombination order starts to increase strongly due to the 

large gradient in carrier concentration. Therefore, the higher recombination orders at least in 

part originate from spatial gradients of the carrier density and the carrier density dependence of 
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the mobility, R ~ μeff(n)n2. Other effects influencing the recombination order include injection 

of majority carriers by electrodes with small injection barriers[93] and doping[94].  

Another critical discussion regarding the charge recombination is its adverse effect on 

energy loss in OSCs. Apart from the energy loss due to the charge generation process occurs 

via an interfacial CT state (ΔECS=Eg‒ECT), OSCs also exhibit additional energy loss. This 

second part of the loss expressed as ECT‒eVOC is often found to be typically between 0.5-0.7 eV 

in fullerene-based OPV.[95] This energy loss is made up of two contributions:[96] (1) radiative 

loss, which is thermodynamically unavoidable, and (2) non-radiative loss incurred during 

charge separation and transport. Therefore, one possible avenue to reduce energy loss is by 

reducing the non-radiative decay pathways significantly. Ran et al.[97] have shown that non-

radiative recombination is a function of molecular orientation at the DA interface, with face-on 

interfaces losing less voltage to non-radiative recombination than edge-on interfaces. Liu et 

al.[61] also have shown that the energy loss due to recombination (ECT‒eVOC) in NFA-based 

OSC can be as low as 0.33 eV with the loss due to non-radiative recombination is around 0.26 

eV. 

9. Macroscopic drift-diffusion simulation  

Drift-diffusion models express the flow of populations of charges in terms of drift and diffusion 

components. Drift is the average motion of charges subjected to an electric field component 

and expressed using the concept of carrier mobility. Diffusion is a random thermal motion of 

charges due to a concentration gradient of carriers. The drift-diffusion system of equations is a 

simplification of the Boltzmann-transport equation. The models have been utilized for organic 

light-emitting diodes,[98] field-effect transistor,[99] and bilayer OSCs[100]. Koster et al.[10] 

in 2005 used the models to examine the J-V of polymer:fullerene BHJ OSCs. The models allow 

J-V simulations of multilayer devices consisting of complicated structures when combined with 

the transfer-matrix method.[101] One-dimensional (1D) drift-diffusion simulations are an 
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effective-medium approach which means that all position acts as a donor and acceptor site 

simultaneously. On the other hand, the approach provides a trade-off between physical depth 

and computation cost. Moreover, multidimensional drift-diffusion simulations could include 

the effect of morphology, which will be discussed in Section 4.2. 

As described in reference [10, 102], the set of equations used in 1D drift-diffusion 

simulation are: 

1. Electron (n) and hole (p) continuity equations, describing the current transport, generation 

rate, and recombination of free charge carriers: 

 𝜕𝑛

𝜕𝑡
=

1

𝑞
∇𝐽𝑛(𝑥) − ∑ 𝑅𝑖(𝑥)𝑖 + ∑ 𝐺𝑗(𝑥)𝑗   (1) 

 𝜕𝑝

𝜕𝑡
= −

1

𝑞
∇𝐽𝑝(𝑥) − ∑ 𝑅𝑖(𝑥)𝑖 + ∑ 𝐺𝑗(𝑥)𝑗                                                                (2) 

 

where q stands for the elementary charge, n(x), p(x) for the electron/hole density, Jn (Jp) is 

the electron (hole) current density. The equations account for all possible generation and 

recombination loss mechanisms for the electron and hole densities, given by n and p, 

respectively. The current density gradient term (∇𝐽𝑛,𝑝 ) accounts for any local-current 

imbalance, which may lead to either accumulation or depletion of charge density. This term 

can, therefore, function as either a gain or loss mechanism of carrier density, depending on 

the local environment. The G term represents the free carriers generation via exciton 

dissociation events following the absorption of photons. The R term represents the loss rate 

of charges due to recombination events and is usually a function of electron and hole density.  

2. The electron and hole currents described by the drift-diffusion equations: 

 𝐽𝑛(𝑥) = 𝑞𝑛(𝑥)𝜇𝑛𝐸(𝑥) + 𝑞𝐷𝑛∇𝑛(𝑥)                                                                   (3) 

 𝐽𝑝(𝑥) = 𝑞𝑝(𝑥)𝜇𝑝𝐸(𝑥) + 𝑞𝐷𝑝∇𝑛(𝑥)                                                                   (4) 
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where μn, μp stand for electron and hole mobilities, E(x,t) is electric field, Dn (Dp) is the 

electron (hole) diffusion coefficient. 

3. The electric field E is calculated according to the Poisson equation: 

 ∇𝐸(𝑥) = −
𝑞

𝜀𝑟∙𝜀0
(𝑛(𝑥) − 𝑝(𝑥) + 𝐶)                                                                            (5) 

 

where εr is the relative dielectric constant, ε0 is the vacuum permittivity constant, and C is 

the doping concentration. 

4. The unique solution to the system of equations (1)‒(5) can be obtained by specifying the 

boundary condition for carrier densities and potential at both contacts.  For example, Koster 

et al.[10] assumed both contacts to be Ohmic and the boundary condition for the electric 

potential, ψ (with E=∇ψ): 

 𝜓(𝐿) − 𝜓(0) = 𝐸𝑔𝑎𝑝 − 𝑉𝑎𝑝𝑝                                                                                      (6) 

The set of equations (1) to (5) can be solved numerically. A variety of approaches have been 

developed for the numerical calculation. The calculation starts from an initial guess of charge 

densities and potentials at each grid point in x. The potentials then improved using the iterative 

Gummel[103] method. Then charge densities are recalculated with the process repeated until a 

self-consistent solution for potential and charge density is obtained. The current then can be 

calculated.  For the 1D drift-diffusion, the equations are discretized for use on a 1D spatial grid, 

where each node has a specific electric potential ψi. Scharfetter-Gummel’s approach often used 

to decouple the Poisson equation from the continuity equations.[104]  
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10. Modeling Organic Photovoltaics 

10.1 Charge Generation, and Recombination 

The right-hand side of equation (1) describes the net generation rate of free charges. The third 

term in brackets describes the rate at which free photo-generated charges are created, which can 

be expressed as G(x)=Gopt(x)ηEDP(x). Here, Gopt(x) is the local rate of photon absorption (e.g., 

simulated by transfer-matrix calculation[101]), ηED is the efficiency with which excitons 

dissociate, and P(x) is the local efficiency with which geminate pairs separate into free charges. 

The second term in brackets, R(x), is the local rate at which free charges recombine 

nongeminately.  

As described in Section 2.1, the traditional view after being photogenerated, the excitons 

will diffuse from the created locations to the DA interfaces. Note that only singlet excitons are 

considered in the diffusion and dissociation processes since triplet excitons are more difficult 

to dissociate.[105] In contrast, charge separation from the exciton delocalization has been 

confirmed as well by several groups.[47, 106-108]  

If geminate recombination does not occur in a particular OSC, then P(x) = 1 and the field 

dependence of photocurrent in an OSC is mainly governed by bimolecular recombination, 

R(x).[7, 11-13, 109] However, when geminate recombination does occur, the most common 

way of representing P(x) is using the so-called Onsager–Braun model. Alternative to the 

Onsager-Braun model, other formulations of P(x) have also been developed, such as the model 

with finite recombination rate,[110] and model which include energetic disorder with an 

exponential DOS.[111]  

The Onsager-Braun model initially discussed by Onsager,[49] and refined by Braun,[50] 

proposed that the probability of exciton dissociation depends on the temperature, distance, and 

field 
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 𝑝(𝑥, 𝐸, 𝑇) =
𝑘𝑑(𝑥,𝐸,𝑇)

𝑘𝑑(𝑥,𝐸,𝑇)+𝑘𝑓(𝑇)
                                                                                      (7) 

 

where T is the temperature, x is the distance between the bound charges of the exciton, E is the 

internal electrostatic field, and kf is the exciton decay rate, which equals to 1/τf, and relates to 

the geminate recombination. Braun derives the following expression for dissociation rate kd: 

 

 
𝑘𝑑(𝑥, 𝐸, 𝑇) =

3𝑅

4𝜋𝑎3
𝑒−

𝐸𝐵
𝑘𝑇𝐽1(2√−2𝑏)/√−2𝑏                                                              

(8) 

 

where EB=q2/4πεrε0x is the exciton binding energy, J1 is the first-order Bessel function, R is 

bimolecular recombination rate, a is the charge-separation distance, and the field parameter 

b=q3E/(8πεrε0(kT)2). The exciton dissociation probability in equation (7) is field dependent, 

hence the field-dependence of photocurrent in OSCs when geminate recombination is present 

is due to both geminate and bimolecular recombination.  

Recently, Wang et al.[112] reported a modified drift-diffusion model where two different 

physical processes generate the free carriers: direct generation through the delocalization and 

indirect generation through the diffusion and dissociation. The two processes were treated 

separately. The electron current continuity equation, for example, expressed as: 

 𝜕𝑛

𝜕𝑡
=

1

𝑞
∇𝐽𝑛(𝑥) − ∑ 𝑅𝑖(𝑥)𝑖 + ∑ 𝐺𝑗(𝑥) + 𝑘𝑑𝑋𝑙𝑗                                                            (9) 

 

where Xl is the density of localized singlet excitons. The basic governing equation for localized 

excitons is given by 

 𝜕𝑋𝑙

𝜕𝑡
= 𝜂𝑠 ∑ 𝑅𝑖(𝑥)𝑖 + (1 − 𝜂𝑑) ∑ 𝐺𝑗(𝑥) − 𝑘𝑑𝑋𝑙 −

𝑋𝑙

𝜏𝑓
+ ∇ ∙ (𝐷𝑋∇𝑋𝑙)𝑗                    (10) 
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where 1−ηd is the exciton localization ratio, DX is the localized exciton diffusion coefficient, τf 

is the lifetime of a single exciton, and ηs is the free carrier recombination ratio. 

They further treat the charge-separation distance as a Gaussian distribution, and the overall 

exciton dissociation probability comes from the integral average over all the charge-separation 

distances 

 𝑝(𝑥, 𝐸, 𝑇) =
4

√𝜋𝑎3
∫ 𝑝(𝑥, 𝐸, 𝑇)𝑥2𝑒−(

𝑥

𝑎
)2𝑑𝑥

∞

0
                                                    (11) 

 

where a is the charge-separation distance at the maximum probability of Gaussian function, 

which is also regarded as the exciton radius, while exciton dissociation rate is expressed as 

 𝑘𝑑(𝑥, 𝐸, 𝑇) =
𝑝(𝐸,𝑇)

1−𝑝(𝐸,𝑇)
𝑘𝑓(𝑇)                                                                  

(12) 

 

With this model, they showed that the increase of the exciton delocalization ratio 

simultaneously improve JSC, VOC, FF, and PCE of the OSC devices and the enhancement of the 

delocalization ratio by optimizing the BHJ structure is essential to the performance of 

OSC.[112] 

Returning to equation (1) and (2), the bimolecular recombination rate, R(x), as discussed in 

Section 2.4 often described to be diffusion-limited, or Langevin-type, bimolecular 

recombination and defined as: 

 𝑅(𝑥) = 𝛽(𝑛𝑝 − 𝑛𝑖
2)                                                                              (13) 

 

Here ni is the intrinsic charge carrier density due to thermal excitation across the diagonal 

bandgap. The recombination prefactor is initially given by the Langevin expression[86] 

 𝛽 =
𝑞

𝜀𝑟𝜀0
(𝜇𝑛 + 𝜇𝑝)                                                                                  (14) 



     

19 

 

where εrε0 is the material dielectric constant, and μn,p are the electron and hole mobilities. In 

BHJ OSCs, deviations from Langevin’s recombination have been observed.[7, 11-13, 70, 113] 

Therefore, reduction factor (or termed as reduced Langevin recombination) often need to be 

taken into account in the drift-diffusion simulation by multiplying Langevin’s recombination 

rate by a prefactor varying typically between 10-3 to 10-1, depending on the material system. 

The reduced Langevin recombination has been explained by the inherent property of phase-

separated BHJ structure,[114]  the Langevin recombination constant dominated by the slowest 

charge carrier,[115] the presence of charge carrier concentration gradients,[116] spatial 

localization of recombination zones to DA interfaces.[117] The most prominent explanation for 

reduced Langevin recombination is that in some BHJ blends the recombination process is not 

encounter-limited but reaction-limited, where charge carriers can meet at the DA interface and 

then re-dissociate to form free charge carriers again.[21, 118] 

The bimolecular recombination can also occur via a trap state (trap-assisted) somewhere in 

the bandgap and known as Shockley-Read-Hall recombination. With this recombination, holes 

or electrons are firstly trapped within the bandgap and then recombine with an oppositely 

charged carrier. The rate for this process in equilibrium when the Fermi level coincides with 

the electron-trap energy is given by [119] and can be included to the drift-diffusion calculation 

into the term R(x) in equation 1: 

 𝑅(𝑥) =
𝐶𝑛𝐶𝑝𝑁𝑡(𝑛(𝑥)𝑝(𝑥)−𝑛𝑒(𝑥)𝑝𝑒(𝑥))

𝐶𝑛(𝑛(𝑥)+𝑛𝑒(𝑥))+𝐶𝑝(𝑝(𝑥)+𝑝𝑒(𝑥))
                                                                        (15) 

 

here Cn and Cp are the capture cross-sections for electrons and holes, Nt is the density of electron 

traps, and ne and pe are the density of free electrons and holes in equilibrium (nepe = ni
2). 

Reducing the trap density in the BHJ layer can reduce trap-assisted recombination and hence 

increase the FF of OSCs, e.g., trap-filling of the polymer donors or acceptors with molecular 

additives has been demonstrated.[2, 84]  
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10.2 Compositional Morphology in Bulk Heterojunctions 

Commonly, drift-diffusion models consider the OSC in one dimension (1D drift-diffusion). The 

DA BHJ represented as a homogenous effective medium that transports both electrons and 

holes sandwiched between the electrodes and therefore characterized by single mobility for 

each carrier.[10] Different variants of drift-diffusion OSC models have been developed, 

allowing variation of parameters in one and two dimensions to allow some analysis of the effect 

of morphology and morphological disorder on OSC performance.[80, 120-124] There are two 

types of disorder, which can affect OSC device performance in different ways: energetic 

disorder, which is usually a consequence of the conformational freedom of the molecules or 

polymer chains, and structural disorder, results from the BHJ phase separation that can lead to 

“dead-ends” and other morphological conditions that are not optimal for carrier transport.[125] 

Several studies have examined the effects of energetic disorder on OSC performance, usually 

assuming a Gaussian distribution of energetic states or an exponential tail of trap states in 1D 

drift-diffusion simulations.[123, 124]  

 

(a) (b)

(c) (d)
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Fig 8.3. (a) Schematic diagram of the devices to be modelled. (b) Their representation on a 2D lattice. 

(c) Device parameters; CH is the channel height, CW he channel width, and dn and dp are the blocking 

layers for electrons and holes, respectively. (d) Energy diagram for an ITO/TiO2/MEH-PPV/Au device. 

Reprinted with permission from Martin et al., J. Appl. Phys., 2007, 102, 104506. Copyright  2007, 

American Institute of Physics. 

 

Other works have studied the effects of phase separation and component distribution on 

device performance by performing 2D or 3D drift-diffusion simulations.[120, 122, 126-129] In 

that case, the 1D model can be extended into a more sophisticated simulation with explicit 

consideration of donor and acceptor phase (D/A model or 2D model) is thus necessary. A 2D 

or 3D grid utilized to simulate the blend morphology, in which each node represents either the 

donor, the acceptor phase, or a mixed phase of the two materials. Buxton and Clarke were the 

first in 2006 who used the drift-diffusion model, which include information about the 

morphology.[120] 

Martin et al.[130] suggested an ideal ordered BHJ for the 2D drift-diffusion simulation. 

They represented a 2D ordered heterojunction rectangular columns, consisting of purely 

acceptor and donor materials (Fig 8.3). The key parameters are the height and width of the 

channels (CH and CW, respectively) and the thickness of the electron and hole blocking layers 

(dn and dp, respectively). From their calculation, the optimal channel height, which is in order 

of 100 nm (depending on the recombination strength), appears to be a trade-off between the 

interface area (which influences exciton dissociation) and average distance the charges must 

travel.  
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Fig 8.4. Scheme of the D/A model. (a) Idealistic morphology of an OSC. (b) Symmetry element and 

schematic visualization of the relevant processes. (1) Excitons are created upon absorption of photons 

in donor phase. (2) Excitons diffuse and eventually reach the interfacial layer or decay. (3) Excitons 

dissociate into electrons and holes in the IL. (4) Charge carriers are transported in their respective phase 

(electrons in acceptor and holes in donor) and are collected at respective contact or recombine in 

interfacial layer (not shown). (c) Energetic scheme of the respective phases together with the standard 

values for the simulations. As the electrodes can be in contact with all materials (donor, acceptor, and 

IL), a white space is drawn between the electrodes and the photoactive region. Reprinted with 

permission from Stelzl and Würfel, Phys. Rev. B, 2012, 86, 075315. Copyright  2012, American 

Physical Society. 

 

Stelzl and Würfel [129] used an idealistic morphology of an OSC (Fig 8.4), and both donor 

and acceptor are modeled as individual semiconducting phases with individual HOMO and 

LUMO levels. The model includes morphology explicitly and excitonic effects. They also 

introduced the area where both phases are adjacent to each other, which considered as a thin, 

finite volume interfacial layer (IL) with HOMO and LUMO levels equal to that of the donor 

HOMO level and acceptor LUMO level respectively. The IL serves as auxiliary material, in 

which exciton dissociation and bimolecular recombination of free charge carriers occur. It is 

important to note that the generation and recombination of electrons and holes are restricted to 

the IL. The same equations as in the 1D model are solved self-consistently for the 2D model, 

with the addition of the exciton continuity equation, which cover exciton generation, diffusion, 

dissociation, and their decay throughout the device. Position-dependent generation profile of 

donor and acceptor phases can be incorporated but for the reasons of simplicity F. Stelz and U. 

(a) (b) (c)
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Wurfel only set the exciton generation rate to be nonzero in the donor phase. With the 2D model, 

they were able to simulate solar cell characteristics versus the diameter of the donor and 

acceptor phases.[129] 

On the other hand, the fabrication of devices with ordered structure via morphology 

engineering is challenging and requires expensive techniques. Ray and Alam showed that the 

intrinsic random morphology obtained by inexpensive solution-processing does not necessarily 

translate into a lower performance compared to ordered heterojunctions.[126] They 

demonstrated that an optimised disordered BHJ performs almost as well as an ordered 

heterojunction (in their example, the best PCE values for the disordered and ordered 

heterojunction were 5.5% and 6.1%, respectively). 

Buxton and Clarke investigated the effect of complex diblock copolymer morphologies by 

solving the equations for the electrostatic potential and the exciton, hole, and electron density 

in two dimensions, as explained before.[120] The phase separation in diblock copolymers leads 

to a bicontinuous network of donor and acceptor domains, which can be oriented through 

surface-induced ordering or by applying an electric field.[120] In order to predict the 

morphologies in these diblock copolymers, they employed the Flory-Huggins Cahn-Hillard 

model. The model treats the phase separation kinetics of DA blend based on the minimization 

of the total energy and evaluates the change of local composition with anneal time. The Flory-

Huggins mean-field theory modeled the free energy of mixing.[120] The oriented morphology, 

which we refer to as columnar, performs much better than the bilayer and disordered devices. 

In the former, the DA interfacial area, where exciton dissociation occurs, is larger than in the 

bilayer. Moreover, in the columnar morphology there are no dead-ends that force the charges 

to move against the built-in electric field for part of their travel towards the electrodes. The 

larger interfacial area increases the exciton dissociation efficiency, and the absence of dead-

ends in the columnar morphology ensures an easier extraction of charges compared to a 

disordered morphology. 
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Fig 8.5. (a) Schematic representation of polymer:PCBM blend morphologies as proposed on basis of 

combined morphology characterizations with transmission electron microscopy (TEM), atomic force 

microscopy (AFM), and scanning tunneling microscopy (STM). The grey slabs represent the most 

polymer rich phase and black phase represent the most fullerene rich phase. (b) Measured (symbols) and 

simulated (lines) current vs. reduced bias |V – VOC| curves for polymer:PCBM BHJ solar cells. The 

active layer consist of (a) P3HT(R):PCBM, spin-coated from chlorobenzene, annealed (black), untreated 

(grey), inset: solid line: 1D calculation, red dash-dotted line: 2D calculation; (c) PF10TBT:PCBM at 

weight ratio 1:4 (black) and 4:1 (grey); (d) MDMO-PPV:PCBM from chlorobenzene at 1500 rpm 

(black) and toluene at 800 rpm (grey). The sharp increase in measured current around 10 V is due to 

minority carrier injection. Reprinted with permission from Maturova et al., Adv. Funct. Mater., 2011, 

21, 261-269. Copyright  2011, Wiley-VCH. 

 

Finck and Schwartz also simulated the effects of DA mixed-composition by utilizing 

morphologies generated by Cahn-Hilliard (CH) modeling[131] of binary fluid phase 

separation.[125] With the CH model, the component domain sizes can be tuned with a single 

parameter. Then, a mixed interfacial region by smoothing the binary morphology in a 

continuously controllable fashion can be introduced. The generated morphologies then 

incorporated into a drift-diffusion simulator with device parameters directly affected by the 

compositional morphology are the mobilities and generation rate of charge carriers. To 

(a)
(b)

(c)

(d)
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determine the carrier generation profile to be used in the simulation, first, a transfer-matrix 

calculation using an effective-medium approximation to calculate the wavelength-dependent 

absorption profile, which determines where excitons are generated, through the device based 

on the AM1.5G spectrum.[101] They then set that charge carriers are generated predominantly 

in proximity to the interface between the two components of Cahn-Hilliard or empirical 

morphologies. In contrast to the KMC simulation from [132], Finck and Schwartz illustrate that 

the mixed-composition phase can have both beneficial and detrimental effects on the overall 

performance of polymer/fullerene BHJ photovoltaic devices.[125] 

 

Fig 8.6. Reconstructed volumes of P3HT/ZnO layers of (a) 57 nm, (b) 100 nm, and (c) 167 nm thickness. 

P3HT appears transparent, ZnO gray. The lateral dimensions are 140 × 140 nm2, which is a quarter of 

the total simulation volume. The front of the image corresponds to the anode. (d) The bimolecular 

recombination loss calculated with the drift-diffusion model (b is average feature size). (e) Simulated J-

V of the three different thicknesses ((green triangles) 57 nm, (blue dots) 100 nm, (red squares) 167 nm). 

For comparison, the experimental J-V of a 162 nm thick device is also included (line). (b) Internal 

quantum efficiency (green triangles), exciton loss ζX (red dots) and bimolecular recombination loss ζBR 

(blue squares). Lines are intended to guide the eye. Reprinted with permission from Koster et al., Adv. 

Energy Mater., 2013, 3, 615-621. Copyright  2013, Wiley-VCH.  

Several other works of 2D drift-diffusion models, most notably developed by Shah and 

Ganesan include semi-rigid or rod-like structures and to incorporate anisotropy in exciton and 

charge transport,[128] DA materials of rod-coil block copolymers represented by a lamellar 

(a) (b) (c)

(d) (e) (f)
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structure. While most of the aforementioned 2D simulation works were not compared to 

experimental data, Maturova et al.[133, 134] made the first attempt to compare simulations and 

experimental data by using 2D drift-diffusion model in which alternating slabs of two phases 

mimics the complex morphology of a polymer-fullerene blend (Fig 8.5). Furthermore, Koster 

et al. used a 3D drift-diffusion model to explain the role of morphology in hybrid P3HT/ZnO 

solar cells with the morphology was imaged with 3D electron microscopy and tomography (Fig 

8.6).[127] They showed that the IQE in P3HT/ZnO solar cells is a trade-off between charge 

transport and exciton harvesting. They also analyzed the impact of isolated clusters of acceptor 

and dead-ends in the morphology on the overall device efficiency. For their particular set of 

morphologies, efforts to remove isolated clusters of the ZnO phase will not improve device 

performance. Although the 2D/3D model requires longer simulation times than in the 1D case, 

the implementation of 2D and 3D models can provide insight into the effect of the morphology 

on the device performance. 

 

10.3 Modeling of Device Performance of Organic Solar Cells  

Drift-diffusion models have been demonstrated to be effective at fitting experimental OSC J-V 

data, and in doing so, provide critical insights into underlying physical mechanisms. For 

example, Koster et al.[115] showed that the FF of the J-V of organic solar cells is sensitive to 

the bimolecular recombination rate while also found that the rate required to fit the experimental 

data for P3HT:PCBM devices with the drift-diffusion model is lower than that predicted by 

Langevin equation (eq.14). The same group also examined the thickness dependence of 

MDMO-PPV:PCBM OSCs. It showed that the expected increase in photocurrent with thickness 

was not realized experimentally due to bimolecular recombination increase.[135] Drift-

diffusion fitting for all-polymer blend OSCs showed how inefficient geminate recombination, 

modeled by Onsager-Braun theory, can also lead to poor FF. [136] Similarly, important work 
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from Kuik et al.[137] showed that in addition to Langevin type recombination, the trap-assisted 

recombination rate needs to be included in the model to explain VOC's slope versus the logarithm 

of the light intensity that is larger than thermal voltage kT/q.  

Drift-diffusion methods can also model changes in active-layer mobility, thickness, or light 

intensity. Mauer et al.[138] used a 1D numerical drift-diffusion device simulator (SETFOS 

from FLUXiM AG) to simulate the J-V characteristics of a P3HT:PCBM device measured at 

various temperatures. They showed that the charge generation in the device is not field or 

temperature-dependent, and nongeminate recombination is sufficient to describe the 

photocurrent's bias dependence. Bartelt et al.[109] reproduced the experimental data of 

P3HT:PCBM solar cells that have been annealed at different temperatures, using charge 

mobility as the parameter that is changes over temperatures. Their simulation was also able to 

reproduce the experimentally measured FF versus device thickness and light intensity trends. 

They found that that space-charge buildup and recombination significantly limit the 

performance of BHJ devices even when the electron and hole mobility is balanced. Firdaus et 

al.[7] demonstrated an excellent agreement between the experimental and simulated J–V curves 

for different material systems and layer thicknesses. They showed that the simulator tool could 

capture the physical processes that govern charge carrier photogeneration, transport, and 

recombination in these NFA-based BHJ OSCs.  

One should note that the drift-diffusion equations use steady-state mobilities (such as the 

one obtained from space-charge limited current (SCLC) technique) as an input and do not 

include any effects of charge carrier dispersion. The relative importance of the dispersive effect 

on OSC devices’ performance was conflicting in the literature.[139-143] Le Corre et al.[142] 

recently showed that the dispersion of the current plays a limited role in the charge carrier 

extraction in OSC devices. Feledikis et al.[143], argued the importance of fast and dispersive 

transport in OSC. Using Monte Carlo simulations, they could accurately reproduce the transient 

photocurrent response for PTB7:PC71BM and TQ1:PC71BM OSC devices. Nevertheless, the 



     

28 

 

excellent agreement between drift-diffusion simulation and experimental results shows that 

steady-state mobilities are sufficient to characterize the transport and extraction in OSC devices. 

The drift-diffusion models have also been used to reproduce experimentally measured 

device performance using (photo)physical parameters obtained from transient spectroscopy or 

charge transport measurements.  Karuthedath et al.[12] used bimolecular rate constant, obtained 

by TA and TDCF measurements, as an input for the simulation. It yields an excellent fits with 

the experimental J-V data of ternary DR3:ICC6:PC71BM solar cells. Similarly, they could 

reasonably reproduce the experimentally measured J-V of TQ1:PC71BM using the bimolecular 

rate constant inferred from TA and using charge densities at short-circuit and open-circuit 

conditions.[144] The same group, with the help of drift-diffusion simulation, found that using 

recombination based on TDCF measurement leads to a larger overestimation of recombination 

in the low carrier extraction regime (i.e., close to VOC).[144-146] This overestimation is most 

likely caused by underestimating the charge carrier density in TDCF experiments, as discussed 

in ref [147]. The simulated J-V curves are often in good agreement with the experimentally 

measured ones, yet the match is not absolute.[144, 145] Karuthedath et al.[144] recently showed 

that since the carrier concentration in the device typically varies significantly between VOC and 

JSC conditions, a single recombination coefficient value as used in the simulation does not 

adequately fit the entire bias range. Apart from the recombination rate constant obtained from 

TA, Firdaus et al.[11] also showed that recombination analyses obtained from the steady-state 

transport measurement and the analytical model proposed by Wetzelaer et al.[148] yields 

excellent agreement between the experimental and simulated OSC device performance.  

Drift-diffusion simulation was also able to well-reproduce transient signals of OSC devices. 

For example, Wheeler et al.[149] show that drift-diffusion simulations were in good agreement 

with the charge extraction (CE) and transient-photovoltage (TPV) measurements. Albrecht et 

al.[18] have been able to fit the TDCF signal using drift-diffusion simulations. They also see 
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that during the first 50 ns after the charge generation, a small effect of mobility relaxation has 

to be taken into account in order to reproduce the transient signal.  

10.4 Modeling efficiency limits of OSC 

The OSC modeling, as discussed in the previous section, has demonstrated the ability to capture 

the physical processes that govern charge carrier photogeneration, transport, and recombination 

in BHJ OSCs. Therefore, the limit to organic photovoltaic (OSC) cell PCE may seem an 

exciting discussion in recent years that naturally could be answered by the OSC simulation. The 

drift-diffusion model has estimated the ultimate efficiency of BHJ solar cells. In 2006 Koster 

and coworkers calculated the ultimate efficiency of polymer-fullerene BHJ solar cells by using 

an advanced drift-diffusion device model.[150] As a starting point, they simulated 3.5% PCE 

P3HT:PCBM absorber to obtain typical BHJ solar cell device parameters. While P3HT:PCBM 

solar cells represent efficient photon‐to‐electron conversion, they are limited by a LUMO‐

LUMO offset that is larger than needed to overcome the charge pair binding energy and by too 

large an optical gap (Eg = 2.1 eV). Therefore, using parameters obtained from the simulation of 

P3HT:PCBM device, they optimized the LUMO-level offset, the layer thickness, and the charge 

carrier mobility. They found an ultimate PCE of 10.8% for a 200 nm thick layer and an optimum 

band-gap of 1.9 eV. In calculating the efficiency limits, the authors assumed a realistic 

absorption spectrum and did not insist that all photons of E > Eg are absorbed. Furthermore, 

Koster et al.[151] presented three different theoretical approaches to identify pathways to obtain 

OSCs with PCE over 20%.  First, with radiation limit model showed that organic solar cells can 

be as efficient as their organic counterparts if CT state absorption is sufficiently weak. Next, a 

model based on Marcus electron transfer rates showed the important of reducing reorganization 

energies and harnessing absorption from both donor and acceptor. Finally, using drift-diffusion 

model the introduced the effect of increasing the dielectric constant ɛ of the absorber material 

on the PCE of organic solar cells. A larger ɛ leads to a smaller exciton binding energy and a 
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smaller LUMO-LUMO offset would be sufficient for quantitative free charge carrier generation. 

Their model suggests that by increasing ɛ for 3–8, the PCE would increase for ∼12% to about 

20%. At a dielectric constant of 8, the exciton binding energy would be in the range of 25 meV 

which would allow the generation of free charge carriers via thermal dissociation.  

 

Fig 8.7. (a) Generated extinction coefficient spectra of several BHJ films used for the simulation and 

obtained by shifting the spectra of donor from 2.2 eV to 1.2 eV and using the spectra of NFA with 

bandgap of 1.2 eV. (b) Efficiency prediction (plotted in color scale, with numbers on the contour lines 

representing PCE in %) for single-junction NFA OSCs as a function of charge mobility (µ= µh= µe) and 

active layer thickness. (c) Efficiency prediction of 2-terminal NFA-based tandem OSCs (the optical 

bandgaps for the front and back-cell were 2 eV, and 1.4 eV, respectively) simulated from optical and 

electrical modelling. Reprinted under the terms of the Creative Commons CC BY license (Firdaus et al., 

Adv. Sci., 2019, 3, 615-621). Copyright 2019, Wiley-VCH.  

. 

Wurfel et al.[152] simulated the effect of the charge-carrier mobility and absorber bandgap 

on the achievable PCE. A variable offset between the LUMO levels of donor and acceptor was 

used. Efficiencies beyond 25% are predicted only for zero offset (EG,abs was about 1.55 eV), 

which is somewhat unlikely to realize with organic DA blends. Nevertheless, efficiencies of 

18% and higher are within reach for a realistic offset of 0.3 eV, provided that the mobility is in 

excess of 10−2 cm2V-1s-1. Note that in their work, Wurfel et al. assumed full absorption of all 

photons of the AM1.5G spectrum with photon energies larger than the bandgap of donor. 

Recently, Firdaus et al. include the influence of the absorption of the donor and NFA and 

employ realistic absorption spectrum (Fig 8.7a).[7] Additionally, they also used a very low 

energy loss (Eopt,lowest - ECT = 0.1 eV) in their calculation, as often observed experimentally in 

nonfullerene-based OSC.[61] In their simulation, they treated explicitly the effect of several 
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parameters such as active-layer absorption, thicknesses, charge mobilities and recombination 

rate constant on efficiency limits. They found that with the already reported hole and electron 

mobilities of 5×10-4 cm2 V-1 s-1, single-junction NFA-based OSCs can potentially reach PCEs 

of over 18% if non-geminate recombination rate constant could be reduced to 1×10-12 cm3 s-1 

and IQE increased to 95%. Moreover, PCE values in excess of 20% (Fig. 8.7b) is shown to be 

within reach even for single-junction OSCs either by increasing the charge carrier mobility and 

active layer thickness to >10-3 cm2 V-1 s-1 and to >200 nm, respectively, or by reducing the 

recombination rate constant (k) to 1×10-13 cm3 s-1. By combining optical transfer matrix 

modelling with the drift-diffusion single-cell J-V simulations, they were also able to model 2-

terminal tandem NFA-based OSC cells. They predicted that engineered tandem cells may 

achieve PCE values of over 25% if the electron (µe) and hole (µh) mobilities in the donor and 

acceptor materials used for the individual sub-cells are balanced (µe=µh) and ≥10-3 cm2 V-1 s-1, 

while k remains low and around 10-12 cm3 s-1 (Fig. 8.7c). 

Other several approaches have been used to calculate the efficiency limits of OSC, such as 

with diode equation, and detailed-balance or Shockley-Quessier (SQ) limit.[153] The detailed 

balance approach could deliver a rigorous answer to the upper limit PCE of OSC but would 

require highly ideal materials with properties that are difficult to realize. With this approach, 

the maximum attainable efficiency of a single-junction conventional solar cell based on a 

detailed balance formalism mainly reflects the trade-off factors between a high current 

corresponding to low Eg and a high voltage corresponding to large Eg semiconductors.[154, 

155] For BHJ OSC, the voltage loss arising from the difference in the donor and acceptor levels 

and the existence of a CT state mediating recombination pose limitations. Using the SQ limit 

approach, Azzouzi et al. recently estimated that the maximum achievable efficiency for BHJ 

OSC could be over 30% if the loss only considers radiative recombination (SQ limit). In 

comparison, it would be approximately 25% for the nonradiative limit (Fig 8.8).[156] They also 

estimated a more realistic limit of approximately 20%, considering a limit of 90% of external 
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quantum efficiency (EQE) and 80% FF. There are also some empirical approaches to gain 

insight into the improvements that may be achievable in practice. Readers wishing to learn 

about those different approaches in more detail could refer to these review papers.[157, 158]  

 

Fig 8.8. Predicted PCE compared with the radiative limit. The black line is the SQ limit using 

theAM1.5G sun spectrum, where only radiative recombination is considered; the blue line is the 

nonradiative limit considering a perfect charge collection (100% of the EQE calculated from modeled 

absorption spectra) and the ideal Shockley equation (ideality factor of 1); the red line is the more realistic 

limit assuming 90% EQE absorption and 80% FF. Reprinted under the terms of the Creative Commons 

Attribution 4.0 International License (Azzouzi et al., Phys. Rev. X, 2018, 8, 031055). Copyright 2018, 

American Physical Society.  

 

11. Summary and Outlook 

In summary, we have reviewed the fundamental physical processes relevant to photogeneration 

of charge carriers, starting from exciton generation to charge collection and the interplay 

between recombination and collection of photogenerated charge carriers. Drift-diffusion 

modelling, which further discussed in this chapter, has demonstrated the valuable role that 

macroscopic modeling can play in the ongoing development of BHJ OSC. The morphology 

model incorporated into the simulations supports the accepted view that the blend's morphology 

is crucial to its photophysical properties. Further improvements in the descriptions of the 

morphology and investigation of the morphology of NFA-based OSC will only improve matters. 

Compared to fullerene-based OSC, large domain sizes of 20-50 nm often reported for high-
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efficiency NFA-based BHJ cells.[159-162] The exciton diffusion coefficient of NFA, such as 

IDIC, has also been found to be two orders of magnitude higher than PC71BM.[163] The 

implication of a higher diffusion coefficient or diffusion length would be tremendous for OSC. 

Large, ordered, and pure domains expectedly enhance charge separation and transport, suppress 

recombination, and improve FFs. Enhancements of exciton diffusion lengths may even 

eliminate the need for the BHJ morphology. Further improvements in device performance 

would be mitigating the energy losses that might require conceptually new material designs. 

Another pragmatic way is to increase the donor and acceptor’s absorption coefficient and push 

the EQE toward unity.  
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